Two major species of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) differing in size, pyridine nucleotide specificity, and susceptibility to inhibition by adenosine 5'-triphosphate (ATP) were detected in extracts of Pseudomonas multivorans (which has recently been shown to be synonymous with the species Pseudomonas cepacia) ATCC 17616. The large species (molecular weight ca. 230,000) was active with nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinucleotide phosphate (NADP) and was markedly inhibited by ATP, which decreased its affinity for glucose-6-phosphate and for pyridine nucleotides. This form of the enzyme exhibited homotropic effects for glucose-6-phosphate. The small species (molecular weight ca. 96,000) was active with NADP but not with NAD, was not inhibited by ATP, and exhibited no homotropic effects for glucose-6-phosphate. Under certain conditions multiplicity of 6-phosphogluconate dehydrogenase (EC 1.1.1.43) activities was also noted. One form of the enzyme (80,000 molecular weight) was active with either NAD or NADP and was inhibited by ATP, which decreased its affinity for 6-phosphogluconate. The other form (120,000 molecular weight) was highly specific for NADP and was not susceptible to inhibition by ATP. Neither form of the enzyme exhibited homotropic effects for 6-phosphogluconate. The possible relationships between the different species of glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase are discussed.
The activity of glucose-6-phosphate dehydrogenase from a number of bacteria (3, 8, 12, 13, 15, 16) , as well as from yeast (1) and certain mammalian tissues (6; J. Passaneau, D. W. Schultz, and 0. H. Lowry, Fed. Proc., p. 219, 1966), seems to be linked to the energy demands of the cells through feedback inhibition by adenosine 5'-triphosphate (ATP). Exceptions among the bacterial enzymes include those from Acetobacter (15) and from Escherichia coli (14) . The latter enzyme, which is specific for NADP, has been shown to be subject to regulation by nicotinamide adenine dinucleotide, reduced form (NADH) (14) . In the present paper we report a novel case of a bacterium possessing two major forms of glucose-6-phosphate dehydrogenase which differ in pyridine nucleotide specificity and sensitivity to ATP inhibition. Results showing a similar multiplicity of 6-phosphogluconate dehydrogenases in the same bacterium are also described.
MATERIALS AND METHODS Growth of bacteria. Pseudomonas multivorans (ATCC 17616), which has recently been shown to be synonymous with Pseudomonas cepacia (2) , was grown at 37 C in a medium consisting of 5 x 10-2 M phosphate buffer, pH 6.5 (3.3 x 10-2 M KH2PO4 and LESSIE AND VANDER WYK were grown with vigorous aeration in a 28-liter MicroFerm fermentor (New Brunswick Scientific Co., Inc., New Brunswick, N.J.).
Preparation of cell-free extracts. Bacteria from 30-ml portions of culture containing between 150 and 200 Ag of protein per ml were centrifuged and washed in 2 x 10-2 M phosphate buffer, pH 6.8 (10-2 M KH2PO4 and 10-2 M Na2HPO4), containing 10-2 M 2-merceptoethanol and 10-2 M sodium azide (standard phosphate buffer). The bacteria were suspended in 5 ml of the same buffer and were disrupted by sonic treatment for 2 min by using a Biosonik II probe sonifier (Bronwill Scientific, Inc., Rochester, N.Y.) equipped with a cooling chamber to maintain the suspensions at 0 C. The disrupted suspensions were centrifuged for 10 min at 15 ,000 x g, and the supernatant fractions were assayed for protein by the Folin phenol method (10) and for enzyme activity.
Enzyme assays. All assays involved formation or consumption of NADH2 or reduced nicotinamide adenine dinucleotide phosphate (NADPH2) which was measured by monitoring changes in absorbance of the assay mixtures at 340 nm with a recording spectrophotometer (Gilford Instruments Co., Oberlin, Ohio). Assays were performed at 24 C, and activities were expressed as units (nanomoles of NADH2 or NADPH2 formed or consumed per minute) per milligram of protein. A value of 6.2 x 103 was used as the molar extinction coefficient for NADH2 and for NADPH2. In all cases the rates of the enzyme reactions were proportional to the amount of protein added to the assay mixtures. Correction of the observed activities for nonspecific NADH2 or NADPH2 oxidase was not necessary because the levels of such activity were extremely low in all the preparations examined (less than one unit per mg of protein). NADH2 or NADPH2 oxidase activity was determined by following the rate of oxidation of the appropriate nucleotide in assay mixtures containing 2 X 10-1 M tris(hydroxymethyl)aminomethane (Tris)-chloride buffer, pH 8.5, containing 10-2 M 2-mercaptoethanol, 3 x 10-4 M NADH2 or NADPH2, and bacterial extract.
Glucose-6-phosphate dehydrogenase (EC 1.1.1.49) assay mixtures (1 ml) contained 2 x 10-IM Trischloride buffer (pH 8.5), 10-2 M 2-mercaptoethanol, 5 X 10-4 M NAD or NADP, 10-2 M D-glucose-6-phosphate, and between 0.5 and 2 units of enzyme.
Under these conditions, the presence of 6-phosphogluconate dehydrogenase in the crude bacterial extracts did not interfere with determination of glucose-6-phosphate dehydrogenase. For example, the sum of glucose-6-phosphate and 6-phosphogluconate dehydrogenase activities determined in separate reaction mixtures was equal to the total activity of these enzymes when both were measured simultaneously in the same reaction mixture.
Reaction mixtures of 6-phosphogluconate dehydrogenase (EC 1.1.1.43) (1 ml) were the same as for glucose-6-phosphate dehydrogenase except 5 x 10-3 M 6-phosphogluconate was substituted for glucose-6-phosphate.
Glucokinase (EC 2.7. Acrylamide gel electrophoresis. The apparatus, general procedures, buffers, and gel solutions were the same as those described by Davis (5) . To obtain molecular weight estimates for the different enzyme species, the relative mobilities of each species in gels of different acrylamide concentration were compared with the mobilities of proteins of known molecular weight, as described by Hedrick and Smith (7) . Zones of glucose-6-phosphate dehydrogenase or of 6-phosphogluconate dehydrogenase activity were seen by incubating the gels for 60 min at 30 C in 5 ml of standard assay mixture containing 50 ug of phenazine methosulfate and 300 Ag of 2,3, 5-triphenyltetrazolium chloride per ml. The reactions were stopped by adding 0.5 ml of glacial acetic acid, and the gels were removed and stored in 7% (v/v) acetic acid.
Sucrose gradient centrifugation. Enzyme samples (0.5 ml) equivalent to step 4 of Table 1 (8, 17) . As can be seen from the results shown in Table 2 , the specific activities of enzymes associated with glucose catabolism depended upon the carbon source present during growth. In the cases of glucose-6-phosphate dehydrogenase and of 6-phosphogluconate dehydrogenase, the relative levels of NAD-and NADP-linked activity were different in the extracts of bacteria grown under the several conditions indicated. As is described below, this difference was related to the presence of multiple forms of glucose-6- cGlucokinase activity determined by coupling glucose-6-phosphate formation with glucose-6-phosphate dehydrogenase-dependent formation of NADPH2 in extracts supplemented with commercial glucose-6-phosphate dehydrogenase. dEnzymes III and IV of the Entner-Doudoroff pathway, 6-phosphogluconate dehydrase, and 2-keto-3-deoxy-6-phosphogluconate aldolase, respectively, were assayed jointly by following the conversion of 6-phosphogluconate to pyruvate in a coupled assay involving NADH2-dependent ponversion of pyruvate to lactate.
phosphate dehydrogenase and of 6-phosphogluconate dehydrogenase, a feature apparently unique to the Entner-Doudoroff and hexose monophosphate shunt pathways of P. multivorans.
Resolution of two forms of glucose-6-phosphate dehydrogenase by acrylamide gel electrophoresis. Two forms of glucose-6-phosphate dehydrogenase (one active with NAD and the other active with NADP) were readily separated from enzyme preparations containing the bulk activity of the enzyme. Figure 1 shows the patterns of electrophoretic migration of the different enzyme species on three identical acrylamide gels. Zones of enzyme activity were detected by incubating the gels in assay mixtures containing tetrazolium dye and a coupling agent (phenazine methosulfate) to promote NADH2 or NADPH2-dependent formation of insoluble tetrazolium pigment. Gels 1 and 2 were incubated with NAD and NADP, respectively, in addition to glucose-6-phosphate (all at standard assay concentrations). Under these conditions a single band of activity was noted on the gel incubated with NAD (gel 1), which was distinct from a more rapidly migrating band of activity on the gel incubated with NADP (gel 2). The results suggested that P. multivorans possesses two distinct forms of glucose-6-phosphate dehydrogenase, one active with NAD and the other active with NADP. However, examination of gels incubated with NADP under standard conditions frequently revealed a trace activity corresponding in mobility to the band of NAD-linked activity. This activity was markedly increased when the concentration of glucose-6-phosphate in the assay mixtures was raised to 2 x 10-2 M (gel 3).
Under these conditions two prominent bands of NADP-linked activity were noted. No corresponding multiplicity of NAD-linked activities was noted at the higher glucose-6-phosphate concentration. These results and others to be discussed indicate that P. multivorans possesses two major forms of glucose-6-phosphate dehydrogenase, one specific for NADP and the other preferentially active with NAD, but also active with NADP. No activity was noted when 6-phosphogluconate (5 x 10-3 M) was substituted for glucose-6-phosphate in the above assay mixtures, indicating that the weak band of NADP-linked activity noted in gel 2 was not associated with traces of 6-phosphogluconate dehydrogenase in the preparation.
To determine the extent to which the above resolution depended upon differences in size or of charge between the two forms of glucose-6-phosphate dehydrogenase, we determined the relative mobilities of the enzyme species in gels of different acrylamide concentration. Hedrick and Smith (7) reported that plots of log mobility versus acrylamide concentration yield parallel lines for proteins which have the same molecular weight but different charge.
With proteins of different size but similar charge, the plots give nonparallel lines which intersect at some nonsieving concentration of acrylamide. Comparison of the slopes of the lines with those obtained using proteins of known molecular weight allows an estimate of molecular weight. When the above relationships were used to interpret data obtained for the two forms of glucose-6-phosphate dehydrogenase (Fig. 2) , it was concluded that the different migration of these species was due primarily to differences in their size. Estimates of the molecular weights of the two species were GLUCOSE-6-PHOSPHATE DEHYDROGENASES obtained by fitting the slopes of the curves to a standard plot including data for ovalbumin (molecular weight 45,000), serum albumin (molecular weight 68,000), yeast-glucose-6-phosphate dehydrogenase (molecular weight 102,-000), and thyroglobulin (molecular weight 670,000). The slopes of the curves for the NADP-specific form of P. multivorans glucose-6-phosphate dehydrogenase were less than those for commercial preparations of bakers' yeast-glucose-6-phosphate dehydrogenase and indicated a molecular weight of about 90,000 for the P. multivorans enzyme. The form of the enzyme active with NAD was about 220,000 molecular weight. The values were in general agreement with those obtained by comparing the sedimentation behavior of each species on sucrose gradients with that of bovine hemoglobin (described below).
Properties of the two forms of glucose-6-phosphate dehydrogenase. As will be described, an important feature of the form of glucose-6-phosphate dehydrogenase possessing NAD-linked activity was a marked sensitivity to inhibition by ATP that was not found for the NADP-specific form of the enzyme. Table 3. one-half maximal activity was increased twofold (Tables 3 and 4 ). Under standard conditions of assay the combined effects of ATP resulted in a preferential decrease in NADcompared to NADP-linked activity. For example, by using the preparations of enzyme obtained by sucrose gradient centrifugation, the presence of 5 x 10-3 M ATP decreased the NAD-linked activity eightfold while decreasing the NADP-linked activity only twofold.
The above data were obtained using enzyme from glucose-grown bacteria. However, an identical response to ATP was noted for the NAD-linked glucose-6-phosphate dehydrogenase activity of extracts of bacteria grown with citrate, gluconate, or glucose-6-phosphate as sole carbon source.
Kinetic response of the NADP-specific form of glucose-6-phosphate dehydrogenase to different ligands. Saturation curves describing the activity of the NADP-specific form of the enzyme as a function of glucose-6-phosphate concentration or of NADP concentration were hyperbolic. No homotropic effects were noted for these ligands. The apparent Km for glucose-6-phosphate 3 x 10-3 M; that for NADP was 5 x 10-5 M. No inhibition of the enzyme was noted in the presence of 5 x 10-3 M ATP, a concentration which caused appreciable inhibition of the form of the enzyme possessing NAD-linked activity. At higher (presumably unphysiological) levels ATP did inhibit the NADP-specific enzyme. For example, 5 x 10-M ATP caused a 50% inhibition of the enzyme under standard conditions of assay.
The lack of inhibition of the NADP-specific form of glucose-6-phosphate dehydrogenase by moderate levels of ATP, combined with the relative ATP insensitivity of the NADP-linked activity of the form of the enzyme also active with NAD, contributed to a marked preferential inhibition of NAD-linked activity in crude bacterial extracts. For example, under standard conditions 10-2 M ATP reduced the NAD-linked activity of crude extracts of glucose-grown bacteria to less than 5% of its value in the absence of ATP, but only reduced the NADP-linked activity to 85% of its initial value.
Other properties of the two forms of glucose-6-phosphate dehydrogenase. Other features distinguishing the two forms of glucose-6-phosphate dehydrogenase included differences in susceptibility to heat inactivation and to inactivation promoted by dilution of the enzyme preparations. The NADP-specific form of the enzyme was considerably more susceptible to heat inactivation than the form active with NAD and was extremely labile in dilute preparations. For example, when preparations of each species from sucrose gradients (containing between 400 and 800 units per ml) were heated for 20 min at 50 C, the NADPspecific form was completely inactivated whereas the form active with NAD retained its full activity. Likewise, when similar preparations were diluted 100-fold in standard phosphate buffer or in water, the NADP-specific form was completely inactivated within 20 min of incubation at room temperature, whereas the form active with NAD showed no loss of activity.
Influence of carbon source on the amounts of each of the two forms of glucose-6-phosphate dehydrogenase. To estimate the levels of the NADP-specific glucose-6-phosphate dehydrogenase present in the crude bacterial extracts, a correction for NADP-linked activity associated with the form possessing NAD-linked activity was necessary. For this purpose the NADP-linked activity of the latter form was presumed to be equivalent to 50% of the NAD activity. This value was based on the observed ratio of NADP-versus NAD-linked activity of preparations of this enzyme species obtained by sucrose gradient centrifugation (Fig. 3) . The same value was obtained with preparations derived from bacteria grown on each of the sources of carbon indicated in Table 2 . The results summarized in Table 5 indicate an approximately threefold variation in the levels formed per minute per milligram of protein calculated from the data in Table 2 as described in the text.
of the NADP-specific form versus a greater than eightfold range of concentration of the form possessing NAD-linked activity. In the cases of bacteria grown on citrate or gluconate, where glucose-6-phosphate dehydrogenase would not be expected to play a significant role in catabolism, the amount of the form of the enzyme active with NAD was approximately equal to that of the NADP-specific form. However, under conditions where glucose-6-phosphate dehydrogenase was presumably essential for catabolism (for example, growth on glucose or glucose-6-phosphate as sole carbon source) the amount of the form of the enzyme active with NAD was increased dramatically compared to that of the NADPspecific form. Properties of the two forms of 6-phosphogluconate dehydrogenase. As can be seen from the results summarized in Table 2 , P. multivorans extracts contained NADP-linked 6-phosphogluconate dehydrogenase under all the growth conditions examined. However, NAD-linked activity of this enzyme was extremely low except in the case of growth on glucose or gluconate. Under the latter conditions, the extracts contained, in addition to the NADP-specific form of 6-phosphogluconate dehydrogenase present when the bacteria were grown on alternate substrates such as citrate, a second form of the enzyme active with NAD as well as with NADP. Resolution of the two activities from preparations of glucose-or gluconate-grown bacteria was most readily achieved by chromatographic separation on cellulose phosphate columns. As illustrated in Fig. 4 , elution of preparations equivalent to step 5 of Table 1 from a cellulose phosphate column resolved two distinct species of 6-phosphogluconate dehydrogenase. A peak of activity specific for NADP was eluted at 0.05 M phosphate; a second peak possessing both NAD-and NADP-linked activity was eluted at 0.1 M phosphate. Determination of the molecular weights of the two species by comparing their sedimentation behavior on sucrose gradients with that of bovine hemoglobin gave respective values of 80,000 and 120,000 for the form of the enzyme active with NAD and the one specific for NADP. Similar estimates were obtained by analytical acrylamide gel electrophoresis.
Kinetic response of the two forms of 6-phosphogluconate dehydrogenase to different ligands. When preparations of the form of the enzyme possessing both NAD-and Table 1 (from glucose-grown bacteria) was dialyzed for 12 hr at 4 C against 500 ml of standard phosphate buffer and loaded onto a 20-by 100-mm column of cellulose phosphate equilibrated with the same buffer. From the column 6-phosphogluconate dehydrogenase was eluted with 280 ml of a linear gradient of 0.02 to 0.2 M phosphate buffer, pH 6.8, containing 10-2 M 2-mercaptoethanol, and 6-ml fractions were collected. Portions of each fraction were assayed for 6-phosphogluconate dehydrogenase activity with NAD as cofactor (0) Table 6 that the presence of 5 x 10-3 M ATP resulted in an approximately threefold increase in the apparent Km for 6-phosphogluconate. ATP had no effect on the apparent affinity of the enzyme for NAD or for NADP nor on its catalytic activity (Vmax). ATP did not inhibit the NADP-specific form of 6-phosphogluconate dehydrogenase.
Influence of carbon source on the relative amounts of each of the two forms of 6-phosphogluconate dehydrogenase. As was the case with the two forms of glucose-6-phosphate dehydrogenase, it was possible to estimate the amount of NADP-specific 6-phosphogluconate dehydrogenase present in the crude bacterial extracts by correcting the total activity for NADP-linked activity associated with the form of the enzyme active with NAD. For this purpose NADP-linked activity of the latter form was presumed to be 90% of the NADlinked activity (the value found for the ratio of NADP-versus NAD-linked activity of the species when preparations equivalent to step 1 or 5 of Table 1 from glucose-or gluconate-grown bacteria were resolved on cellulose phosphate columns). The results indicate that the absolute amount of NADP-specific 6-phosphogluconate dehydrogenase did not vary significantly under the different growth conditions (Table 8 ). The marked difference in relative levels of the two forms of 6-phosphogluconate dehydrogenase was primarily a consequence of a 10-fold variation in amounts of the form of the enzyme active with both NAD and NADP.
DISCUSSION
The finding of multiple forms of both glucose-6-phosphate and 6-phosphogluconate dehydrogenase with similar patterns of pyridine nucleotide specificity and susceptibility to ATP inhibition was unexpected from the results of earlier studies of ATP-linked regulation of glucose-6-phosphate dehydrogenase in pseudomonads (8, 15 Clearly, a more thorough understanding of the overall regulation of NADH2 and NADPH2 levels in the different bacteria is necessary before any conclusions can be made about the importance of inhibition of NADH2 formation by glucose-6-phosphate dehydrogenase or 6-phosphogluconate dehydrogenase.
We have suggested that ATP-linked regulation of glucose-6-phosphate dehydrogenase is essential to prevent wasteful degradation of hexose phosphate under certain conditions of growth (8) . Such an argument does not explain ATP-linked regulation of 6-phosphogluconate dehydrogenase. A more plausible role for ATPlinked control of 6-phosphogluconate dehydrogenase would be to regulate the distribution of 6-phosphogluconate into the hexose monophosphate shunt and Entner-Doudoroff pathways and thus govem the relative levels of such key intermediary metabolites as pyruvate, glyceraldehyde phosphate, and pentose phosphate. Such regulation might be particularly important for P. multivorans where both basal and induced levels of 6-phosphogluconate dehydrogenase are considerably higher than in other pseudomonads (for example, see reference 8).
To further define the relationship between the two forms of glucose-6-phosphate dehydrogenase, we have examined the possibility of interconversion between the two species. It seemed reasonable that any mechanism allowing interconversion between two forms of an enzyme with different regulation or pyridine nucleotide specificity would contribute to formed per minute per milligram of protein calculated from the data in Table 2 as described in the text.
b Each at a final concentration of 0.2%.
the overall economy of growth and that there would be a strong positive selection for such mechanisms in organisms as biochemically versatile as pseudomonads. As one approach, we have attempted to demonstrate ligand-induced interconversion of the two forms of glucose-6-phosphate dehydrogenase. For example, we have examined the sedimentation properties of each form in the presence of different pyridine and adenine nucleotides. We have in these experiments found no convincing evidence for interconversion of the two species.
